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[1] Highly supercooled rain and drizzle from cloud tops at 12 to 21C down to the
0 isotherm was documented by aircraft observations in clouds over a wide range of
meteorological situations under relatively pristine marine aerosol conditions. The
Gulfstream-1 aircraft during the CalWater campaign in February and early March 2011
measured clouds over the coastal waters of northern California, orographically triggered
convective clouds over the foothills of the Sierra Nevada, and orographic layer clouds over
Yosemite National Park. Supercooled drizzle in layer clouds near Juneau, Alaska, was
measured by the Wyoming King Air as part of a FAA project to study aircraft icing in this
region. Low concentrations of cloud condensation nuclei (CCN) were commonly observed
in all of these clouds, allowing for the formation of clouds with small concentrations of
mostly large drops that coalesced into supercooled drizzle and raindrops. Another common
observation was the absence of ice nuclei (IN) and/or ice crystals in measurable
concentrations, associated with persistent supercooled drizzle and rain. Average ice crystal
concentrations were 0.007 l1 at the top of convective clouds at 12C and 0.03 l1 in the
case of layer clouds at 21C. In combination, these two conditions of low concentrations
of CCN and very few IN provide ideal conditions for the formation of highly supercooled
drizzle and rain. These results help explain the anomalously high incidences of aircraft icing
at cold temperatures in U.S. west coast clouds and highlight the need to include aerosol
effects when simulating aircraft icing with cloud models.
Citation: Rosenfeld, D., et al. (2013), The common occurrence of highly supercooled drizzle and rain near the coastal
regions of the western United States, J. Geophys. Res. Atmos., 118, 9819–9833, doi:10.1002/jgrd.50529.
1. Introduction
[2] Warm rain forms in clouds with active drop coales-
cence process, which occurs when cloud drop effective
radius (re) exceeds 12 to 14 mm. This was found to be valid
in clouds ranging from marine stratocumulus [Gerber,
1996; Chen et al., 2008] to deep convection [Rosenfeld and
Gutman, 1994; Rosenfeld, 2000; Rangno and Hobbs, 2005;
Freud and Rosenfeld, 2012]. The largest drops in such clouds
exceed a diameter of 40 mm, which leads to development of
drizzle and subsequent rain [Pruppacher and Klett, 1998],
as was found in winter upslope and postfrontal clouds
[Rasmussen et al., 1995; Geresdi et al., 2005; Rasmussen
et al., 2002; Ikeda et al., 2007; Bernstein et al., 2004]. The
height above cloud base in which this occurs depends on
the cloud base temperature, pressure, and cloud drop number
concentrations (Nd), which in turn depends on the supersatu-
ration activation spectra of the cloud condensation nuclei
(CCN) and on the cloud base updraft [Freud and
Rosenfeld, 2012 for example]. Giant CCN can form drizzle
and raindrops in clouds without the requirements for re< 12
mm, but these raindrops are often isolated. Beyond determin-
ing the potential amount of cloud water, the temperature does
not play a role in the warm rain forming processes even well
below 0C, as long as ice is not formed. Therefore, with a
hypothetical total absence or extreme limitation of ice nuclei
(IN), supercooled rain can occur down to the temperature of
homogeneous ice nucleation, which is well below 30C
even for large raindrops.
[3] Supercooled cloud water in convective clouds has
occasionally been observed to persist to the homogeneous
ice nucleation temperature of near 38C [Rosenfeld and
Woodley, 2000; Rosenfeld et al., 2006]. But there are no
reports of supercooled drizzle (drop diameter between 0.2
and 0.5mm) and rain (drop diameter>0.5mm) drop freezing
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by homogeneous ice nucleation. In fact, the aircraft
observation of the coldest supercooled drizzle that we could
ﬁnd in the literature occurred at 19C in orographic layer
clouds over the Cascades [Ikeda et al., 2007] and in high-
level stratus deck at a temperature of 21.6C [Cober
et al., 2001]. The fact that this temperature is much higher
than the homogeneous ice nucleation temperature means that
supercooled drizzle froze heterogeneously, by IN or by
contacting other ice particles in all the previously
documented observations. The formation of persistent
supercooled drizzle in layer clouds was ascribed to the
existence of a pristine air mass with very small concentra-
tions of IN and CCN [Rasmussen et al., 1995; Rasmussen
et al., 2002; Geresdi et al., 2005; Cober et al., 2001; Ikeda
et al., 2007; Bernstein et al., 2004].
[4] A potential barrier for the existence of supercooled rain
at temperatures T<9C in convective clouds is the
mechanism of ice multiplication. Ice multiplication occurs
at 2.5 to 8C, when supercooled drizzle or raindrops that
formed in the cloud freeze and subsequently rime and
become graupel by collecting other large cloud drops that
freeze on them and induce the splintering of secondary ice
crystals. Laboratory studies estimate that on average one
ice crystal forms for every 200 rimed cloud drops with
diameter larger than 24 mm [Hallett and Mossop, 1974;
Mossop, 1985]. The process of ice multiplication progresses
when the riming of these secondary ice crystals produces
additional crystals and so on [Rangno and Hobbs, 1988,
1991]. Rangno and Hobbs [2005] reported that similar fast
glaciation of maritime convective clouds occurs by ice
multiplication over both the tropical and high latitudes.
[5] A possible mechanism for formation of new
supercooled liquid cloud water above a glaciated portion of
a cloud is a local acceleration of the updraft, but this should
lead to a mixed phase cloud with only small newly nucleated
cloud drops within the preexisting ice cloud [Korolev and
Isaac, 2003; Korolev and Field, 2008]. However, this oscil-
latory mechanism cannot explain deep convective clouds that
have a continuous supercooled water with little ice from
cloud base to cloud top, as observed in some of the cases in
this study.
[6] This potential barrier to supercooled drizzle formation
mainly exists for convective maritime tropical clouds and




Figure 1. The tracks and heights of the ﬂights shown in this study. The ﬂights are over Juneau, Alaska on
(a) 19 January 2000, and in California during February 2011, (b) 16, (c) 18, and (d) 21.
Figure 2. The tops of the clouds off the coast of California.
The picture was taken at a height of 3000m looking WSW.
The cloud system is topped by layer clouds, in which the
convective elements are embedded. The cloud bow indicates
that cloud tops are composed of persistent large supercooled
cloud drops and drizzle at 12C.
ROSENFELD ET AL.: HIGHLY SUPERCOOLED DRIZZLE AND RAIN
9820
than the terminal fall velocity of raindrops. This allows the
ice multiplication to progress and deplete the supercooled
water at T<5 to 10C [Zipser, 1994, Stith et al., 2002].
In contrast, when the updraft speed above the 0C isotherm
is larger than 12ms1, which is the terminal fall velocity of
the largest raindrops at this level, all raindrops are lifted
upward, and supercooled rain has been observed by
polarimetric radars to reach heights of 1–2 km above the
0C isotherm. The strongest regularly occurring tropical
maritime convective clouds were documented over the Tiwi
Islands, where the storms are forced by the converging sea
breeze fronts. Polarimetric radar measurements showed that
supercooled raindrops were lifted up to the 20C isotherm
[Carey and Rutledge, 2000]. In situ aircraft measurements
documented the regular occurrence of supercooled rain
reaching the 10C to 12C isotherm in continental
tropical convective clouds during the summer monsoon over
Florida [Hallett et al., 1978], Thailand [Lahav and Rosenfeld,
1998; Rosenfeld and Woodley, 1997; Woodley et al., 2003]
and northeastern South Africa [Mather et al., 1986]. Lower
cloud base temperatures and stronger instability suppressed
supercooled rain because the shorter vertical distance from
cloud base to the freezing level and the larger updraft speed
left less time for coalescence to operate. This relation was
quantiﬁed by Mather et al. [1986]. The supercooled rain
froze within 5–10min of the time that the cloud top reached
the 10C isotherm and continued growth as graupel
[Rosenfeld and Woodley, 1997].
[7] Despite the fast glaciation of maritime convective
clouds, satellite observations over the midlatitude storm track
areas of the Southern Ocean and the North Paciﬁc show
extensive supercooled marine cloud tops at temperatures
down to 20C [Morrison et al., 2011]. Due to their
extensive nature, these are probably mostly layer clouds.
Aircraft measurements of such clouds over Beaufort Sea con-
ﬁrmed the existence of supercooled water down to 30C,
but supercooled drizzle or rain was not reported in them
[Hobbs and Rangno, 1998]. Shallow convective clouds had
persistent supercooled drizzle near their tops at T =8C.
At higher temperatures within these clouds, the supercooled
drizzle was quickly frozen by the ice multiplication process.
Remarkably,Hobbs and Rangno [1998] showed that for their
overall data set, the average concentrations of ice particles
tended to increase with increasing cloud top temperature
from 30 to 4.5C.
[8] In the following, we present recent aircraft observa-
tions of highly supercooled drizzle and rain from the west
coast of the U.S. that extends previous results that showed
that supercooled drizzle and rain forms under pristine
conditions containing low CCN and IN [Rasmussen et al.,
1995; Cober et al., 2001; Rasmussen et al., 2002; Ikeda
et al., 2007; Bernstein et al., 2004] to colder temperatures.
The unique aspect of this study is the simultaneous measure-
ments of the cloud and aerosols that feed the cloud, allowing
for a strong causal relationship to be inferred.
2. Observations
[9] Recent aircraft observations of supercooled rain were
made near the west coast of the U.S. in various synoptic
conditions and forcing mechanisms from pristine marine cold
air masses, orographically induced convective and layer
clouds in extratropical storms and winter layer clouds. The
locations of the ﬂights are shown in Figure 1. The ﬂight
strategy was aimed at mainly studying precipitation initiation
in clouds, and their interactions with aerosols. These new
observations provide simultaneous cloud and aerosol
measurements that allow for the inference of the impact of
aerosols on the observed formation of supercooled drizzle
and rain.
2.1. Pristine Winter Convective Clouds in California
[10] Aircraft measurements of cloud microstructure and
aerosols were conducted during February and March 2011
in central California in the context of the CalWater project.
The clouds were measured with the U. S. Department of
Energy Gulfstream-1 (G-1) aircraft operated by the Paciﬁc
Northwest National Laboratory. Cloud droplets were
measured by a DMTCloud Droplet Probe (CDP). The hydro-
meteors were imaged by a SPEC 2D-Stereo Particle Imaging
probe [2D-S; Lawson et al., 2006]. Bulk liquid and ice water
content were measured by a multi-element SEA Water
Content Meter (WCM; model WCM-2000). The chemical
composition of the aerosols within and out of the cloud
particles was measured by an aerosol time-of-ﬂight mass
spectrometer (ATOFMS) of the University of San Diego
[Pratt et al., 2009]. IN were measured using the
Continuous Flow Diffusion Chamber (CFDC) of Colorado



















Figure 3. The dependence of cloud drop effective radius
(re) on temperature in maritime embedded convective clouds
over ocean near the coast of northern California. The case is
from aircraft measurements on 21 February 2011. The cloud
drops were measured by the CDP instrument. Each point
represents one second of aircraft measurements along a ﬂight
path of about 100m. The color code of the points represents
the cloud water content in gm3, as shown in the legend. The
systematic increase of re with height or decreasing tempera-
ture indicates that the clouds are connected vertically through
convective elements.
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State University [Rogers et al., 2001; Petters et al., 2009],
from ambient aerosol sampled with an isokinetic inlet and
from cloud particle residual nuclei using a counterﬂow
virtual impactor (CVI) inlet (Brechtel Manufacturing,
Haywood, CA). The CVI cloud drop diameter cutoff size
was 13 mm for the ﬂights on 16 and 18 February, and was
lowered to 11 mm in the ﬂight on 21 February.
[11] The ﬂight plan was restricted to preplanned routes. It
allowed minor deviations for visual adjustments of the
penetrations into the clouds along the route. The airplane
could change altitudes as needed, in coordination with the
air trafﬁc control. Therefore, the sampling of young growing
convective elements was embedded in the more mature layer
clouds. The airplane repeated some of the cloudy portions of
the routes for obtaining the vertical evolution of cloud and
precipitation phase and particle size distributions. The ﬂight
plans were designed to measure the development of the
orographic clouds from the western foothills to the ridge of
the Sierra Nevada Mountains east of Sacramento and Fresno.
Other ﬂight plans were executed to measure clouds over the
coastal waters and hills to the north of San Francisco.
2.1.1. Marine Convective Clouds Over Ocean
[12] On 21 February 2011, a weak convective rainband
occurred in a maritime polar air mass ahead of a large comma
shape cloud system in a cyclonic ﬂow just off the coast of
northern California. The cloud tops were ﬂat at a height of
3000m and temperature of 12C. A vivid cloud bow was
evident in the cloud tops (see Figure 2), as a manifestation
of the fact that the cloud tops were composed of large cloud
and drizzle drops. The CDP-derived cloud drop re exceeded
20 mm (see Figure 3). The images of the 2DS instrument
show that these large cloud drops produced extensive
supercooled drizzle with only few isolated ice particles (see
Figure 4). The maximum cloud drop number concentration
reached 180 cm3 near cloud base, but it was much lower
near cloud top, probably due to the intense coalescence.
The cloud was traversed at a NNW-SSE direction along a
ﬁxed 55 km long line at an average distance of 25 km to the
west of the coast line between Point Reyes and Point Arena
(between 38.87N 123.83W and 38.39N 123.65W). The
aircraft ﬂew repeatedly along this line, stepping downward
from cloud tops to base.
[13] The images of the hydrometeors at different tempera-
tures are given in Figure 4. The upper 600m of the cloud,
between 12C and 9C, was composed of mostly drizzle
and small raindrops. Most of the supercooled water was in
the precipitation, as evidenced by the difference between
the total liquid water and CDP water in Figure 5. This can
be seen especially well near points a, c, d, and e in
Figures 4 and 5. Only 16 ice particles were counted during
the ﬁrst 12min ﬂight time in cloud, during which the aircraft
collected a thick layer of ice that completely covered the
windshield. This amounts to average ice crystal concentra-
tion of only 0.007 l1. For safety reasons, the aircraft had to
descend out of cloud between 8C and 5C to shed ice
from the aircraft. When the aircraft entered the cloud again
Figure 4. Hydrometeor images from cloud passes at different heights and temperatures from the same
cloud cluster that is shown in Figures 2, 3, and 5 for 21 February 2011. The temperatures in C are denoted
on the left side of each ﬁgure. The images are obtained by the SPEC 2D-S imager. The width of an image
strip is 1.5mm. Note that the hydrometeors were almost exclusively drizzle between 8 and 12C. The
few ice particles that were found were cropped and posted in the upper left of the ﬁgure. Embedded pockets
of high concentrations of columnar ice crystals occur below the 5C isotherm. They aggregate to
snowﬂakes at lower levels. They also induce freezing of raindrops and some riming. The ice hydrometeors
melt below the 0C isotherm.
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at 5C, it encountered areas of large concentrations of
columnar ice crystals and some small graupel in mature cloud
segments with little water (see points g and h in Figures 4 and
5). The T of 4 to 5C and re of about 12 mm fulﬁlled the
conditions for ice multiplication. This might explain the
much larger concentrations of ice particles there than higher
up in the cloud at T<8C. The ice crystals appear to have
caused the drizzle drops that fell from above to freeze when
impacting them and continue to rime (see points i m and o).
The columnar crystals aggregated occasionally to large
snowﬂakes. Just above the 0C isotherm, the precipitation
was composed of supercooled rain, with embedded areas of
frozen drops, graupel, and aggregates.
[14] Normally, as one moves to higher altitudes, rain turns
into snow or graupel and then into smaller ice crystals at


















































































38.4 38.5 38.6 38.7 38.8 38.9
Latitude




























































38.4 38.5 38.6 38.7 38.8 38.9
Latitude






























201110221a Pass 4 southward -2.5 to -0.5C
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Figure 5. The cloud properties during north-south cross sections of marine convective clouds just off the
coast of northern California, on 21 February 2011. The parameters shown along the ﬂight lines are on the
left ordinate: CDP-measured cloud drop concentrations (cm3) and vertical wind (ms1). The vertical wind
has a positive bias of ~1ms1. On the right ordinate: CDP-measured cloud drop re, in mm/20 to ﬁt the scale,
and cloud water in gm3; WCM total and liquid water in gm3. The difference between them is the ice
water content. The difference between the CDP and WCM liquid water is the supercooled drizzle and
rainwater content. The characters along the abscissa denote the locations of the 2DS images shown in
Figure 4.
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supercooled rain. In the places where rain was formed from
snowmelt, the aircraft ascended from the snow layer into
supercooled drizzle when reaching the 8C isotherm,
remaining as such up to the cloud top at 12C.
[15] IN concentration data were unavailable from the ﬂight
times discussed on this day due to operational issues.
Approximation of the IN can be obtained from the concentra-
tions of aerosols>0.5 mm [DeMott et al., 2010]. Their
concentrations as measured by the PCASP in the cloud-free
air between points e and f of Figure 4 (17:53:30 –
17:55:30) was only 0.1 cm3, which roughly corresponds to
0.1 IN l1, at 12C. The IN concentrations were available
from the afternoon ﬂight 5 h later over the foothills of the
Sierra Nevada. The concentrations at a height of ~3 km, in
air masses that apparently were not affected by aerosols from
the boundary layer, were 1 to 1.5 l1 at 20C.
2.1.2. Orographically Triggered Pristine Convective
Clouds Over the Sierra Nevada
[16] Convective clouds were orographically triggered at
the foothills of the Sierra Nevada to the east of Sacramento
on the morning of 16 February 2011. The cloud formed in
a maritime polar air mass just after the passage of the frontal
cloud shield. The air was decoupled from the boundary layer
due to a light surface inversion, as evidenced by a sharp
decrease of the aerosol concentrations below the cloud bases,
as measured by the PCASP and by the condensation nuclei
counter (Figure 6). Therefore, the clouds developed a
maximum drop concentration of only 60 cm3 and produced
large cloud drops with effective radius exceeding the
warm rain initiation threshold of 14 mm near the 4C
isotherm (Figure 7).
[17] The cloud base could not be penetrated because it was
too close to the ground over the foothills. Its height was
estimated visually at 600m and T= 3C. The clouds devel-
oped supercooled drizzle and rain that iced up the aircraft
windshield. No ice was observed at T>8C, despite the
large cloud drops and supercooled rain and drizzle observed,
constituting suitable conditions for ice multiplication. Some
large graupel was also observed for a period of 11 s with
concentrations of ~2 l1 (see point h in Figures 8 and 9) from
clouds with tops that probably reached the 21C isotherm,
where a stable layer capped the development of the cloud
tops, as evidenced by the nearly uniform cloud top heights
(see Figure 10). A particularly heavy supercooled rain
shower was encountered in cloud at the 8.5C isotherm at
17:41 UTC. (See points i, j, k, and l). The WCM-measured
total water peaked at 1.4 gm3, with CDP-measured cloud
water accounting for half of it. The rain melted and washed
away the ice from the aircraft windshield. This was captured
in the nose camera of the aircraft (see video in supporting
information). The clock on the video clip is offset by 3min
later than the instruments clock. Supercooled drizzle was
observed up to the cloud tops at 21C (see points b–g).
The convective cloud tops did not rise above this level over
the foothills (see Figure 10). Over the higher terrain further
east, the cloud tops developed above this height and ﬁnally
formed graupel (see point a). These observations are similar
to those reported by Ikeda et al. [2007] for postfrontal clouds
over the Oregon Cascades. In that study, supercooled drizzle
was observed down to 19C under low CCN conditions.
[18] IN concentrations in the current case were measured
during the ascent proﬁle at CFDC processing temperatures




















Figure 7. The same as Figure 3, but for the 16 February
2011. The systematic increase of CDP-derived re with height
or decreasing temperature is consistent with the visual obser-
vations that the clouds are connected vertically through con-
vective elements. The cloud base could not be measured due




0 IN from 
CVI up here 
(0.3/l air)
Figure 6. Vertical proﬁle of aerosols at the foothills of the
Sierra Nevada taken on the ascent on 16 February 2011,
17:01–17:37 UT. The red points show the total aerosol
concentrations>10 nm, as measured by the CPC-3010
instrument. The blue dots are the concentrations of particles
>100 nm, as measured by the PCASP. Each point represents
1 s of ﬂight path. The horizontal scatter at heights of 550,
850, and 1450m are caused by long ﬂight segments at these
altitudes, upwind with respect to the clouds just to the west of
the foothills. The IN were measured by the CFDC at an
activation temperature of 19C.
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of18.4 to19.0C, from the ambient isokinetic inlet in the
decoupled boundary layer and from the CVI inlet in the
convective cloud layer. The IN processing temperatures were
just modestly warmer than the convective cloud top
temperatures. CFDC relative humidity exceeded 100% at
all times to emphasize freezing under conditions of liquid
cloud activation. Here and elsewhere in this manuscript, we
report the IN concentration as period averages (2 to
12min), with uncertainties deﬁned by twice the Poisson
sampling errors for the low numbers of IN counted at the
1.5 vlpm CFDC sampling rate. The IN number concentra-
tions are ﬁrst corrected for CFDC background frost particle
concentrations measured during periods of ﬁltered air
sampling alternated with aerosol sampling periods [DeMott
et al., 2010]. When sampling from the CVI inlet, correction
was also made for the particle enhancement factor deﬁned
by the CVI sample and add air ﬂow rates. This correction
typically resulted in enhancement of aerosol and IN by about
a factor of 8 during CVI sampling.
[19] IN were present at 1.4+/0.9 per liter in the decoupled
boundary layer air. The PCASP aerosol concentration
>0.5 mm were 1 – 1.5 cm3 and decreased to 0.3 cm1
during the 3min before entering the clouds at the foothills.
In the convective cloud layer between the 7 and 11C
isotherms, from 17:31 to 17:47 UTC, IN concentrations were
effectively 0 per liter, since they were not measurable above
instrument background frost levels during this speciﬁc CVI
sample period (0.3 per liter). Sea salt was the primary aerosol
component sampled by the ATOFMS during this period
[Creamean et al., 2013]. In ascent through the upper and
colder tops of the convective layer after 17:51 UTC, which
marks the 18C isotherm, IN were detected in
concentrations of 0.14 +/0.06 per liter. These measure-
ments suggest an extremely limited supply of IN active at
the temperatures existing within the decoupled convective
cloud layer. IN were detected in higher numbers in the
boundary layer and at higher altitudes over the barrier where
elevated mineral dust layers were intercepted based on
ATOFMS measurements [Creamean et al., 2013].
2.1.3. Cap Clouds With Intense Highly
Supercooled Rain
[20] The measurements took place in cap clouds that
formed over the ridge of the Sierra Nevada in the
Yosemite National Park on 18 February 2011. The clouds
formed in SSW wind of 25ms1 that occurred ahead of a
cold cyclone just off the coast of central California. Due to
the southeasterly component of the wind at low levels, no
orographic clouds formed at the foothills, so that the cap
clouds were purely layered, with no convection and with
little turbulence. The clouds were traversed two times from
west to east and back, in all, four cross sections, shown in
Figures 11 and 12. The highest cross section, ﬂying
eastward, occurred at a height of 6300m and T of 30C.
Small amounts of supercooled cloud drops were found,
but without supercooled drizzle or rain. The cloud drops
formed graupel and rimed ice crystals. The return pass
westward was done at a height of 5100m and T of 21C.
The cloud was glaciated to the east of the ridgeline at
119W longitude. Supercooled cloud drops mixed with
graupel appeared at the ridgeline (see points a and b in
Figures 11 and 12). About 20 km further west, the cloud
drops became larger, and the cloud turned to be composed
































Figure 8. Same as Figure 4, but for the 16 February 2011. Hydrometeor images from cloud passes at
different heights and temperatures from the same cloud cluster that is shown in Figures 6, 9, and 10. The
temperatures in C are denoted on the ﬁgure. Note that except for two segments with graupel, the hydrome-
teors below the 21C isotherm were mostly drizzle and supercooled rain. The heavy supercooled rain
occurred at the 8.7C isotherm.
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[21] At 119.6W, the aircraft turned back east while
gradually lowering to the minimum ground safety altitude
of 4800m and T=18C. The ground safety level was so
high because of the harsh ﬂying conditions and the high
terrain that reaches nearly 4000m. The airplane ﬂew in
supercooled drizzle drops that approached the raindrop
threshold of 0.5mm (see points e, f, and g). Most of the water
resided in supercooled drizzle, as evident from the much
larger total liquid water compared to the CDP water (see
Figure 12). Occasional large graupel occurred. The largest
graupel (up to a diameter of 2mm) grew toward the east,
but it was almost always mixed with supercooled drizzle
and raindrops, as seen in the images of points h and I of
Figure 11. The dominance of graupel for about 3 km of
ﬂight path, to the west of point m in Figure 12, is evident
by the large total precipitation water with low total liquid
precipitation water. The aircraft became heavily iced, so it
was decided to turn back westward before reaching the
eastern end of the supercooled cap cloud, just to the west
of the ridge line. The return pass westward took place at
4800m and T =18C in heavy supercooled rain with
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201110216a Section 2 at -9 to -21C
g fe d cb b a
Figure 9. Same as Figure 5, but for orographically induced convective clouds at the foothills of the Sierra
Nevada, on 16 February 2011. The characters along the abscissa denote the locations of the 2DS images
shown in Figure 8.
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towards west. The western half of the cloud pass (point n
in Figures 11 and 12) had almost exclusively supercooled
drizzle and rain, which added to the heavy load of icing.
At 119.5W, the aircraft continued descending westward
into the Central Valley in order to melt away the icing
and return to base. It emerged from the supercooled rain
10 km further west at a height of 4600m. Ice remained
on the nose cone of the aircraft even after landing
in Sacramento.
[22] The observed concentrations of ice particles with
diameter>100 mm were very inhomogeneous. In the few
glaciated parts of the cloud (e.g., points h and i in
Figures 11 and 12), there were 5 – 10 l1. In other sections,
there were long stretches of over 30 s without any ice particle
(e.g., points d and g in Figures 11 and 12). During the 9min
between 23:10:33 and 23:19:56, 36 ice particles were
counted. With a sampling volume of the 2DS of ~2 l s1, this
means an average concentration of 0.03 l1.
[23] IN concentrations were measured for residual
particles from the CVI inlet during ﬂight segments at the
highest cap cloud levels near the 30C isotherm.
Unfortunately, instrument operational issues, probably
caused by icing of the air intakes, prevented IN measure-
ments during aircraft heavy icing conditions following
descent into the predominantly liquid cloud. IN number
concentrations during two periods at the highest ﬂight level
were 0.47+/0.16 per liter in the water supersaturated
conditions at 24.9C, and 0.27+/0.19 per liter at 97%
RH at 21.5C. Both sampling temperatures were warmer
than the lowest cloud temperatures observed, but the results
are consistent with low numbers of IN present for glaciating
the lower cloud regions around the 18 to 20C
isotherms. This is also consistent with the presence of
potential seed crystals in the upper layers. The representa-
tiveness of the IN at the higher levels is not known, due to
the stable nature of the laminated cap clouds. The ﬂight
within the clouds was rather smooth with little noticeable
turbulence. IN were again detected in generally higher
numbers in the boundary layer on this day, ranging between
0.5 and 5 l1 active at 19 to 25C and water supersatu-
rated processing conditions. Ikeda et al. [2007] also
observed supercooled drizzle drops over the steepest
portion of the Oregon Cascades down to 19C under
pristine conditions, consistent with these results.
Figure 11. Same as Figure 4, but for cap clouds over Yosemite in the 18 February 2011.
Figure 10. The tops of the convective clouds over the
foothills of the Sierra Nevada to the east of Sacramento.
The picture was taken at 17:54 UT on 16 February 2011,
looking west, at a height of 3500m and temperature of
21C. The clouds contained heavy supercooled rain that
froze into large graupel in mature clouds.
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2.1.4. Overrunning Layer Clouds in
Southeastern Alaska
[24] On the afternoon of 19 January 2000, a multilayer
cloud producing freezing drizzle was present over Juneau,
Alaska. The subfreezing cloud layers formed when a moist
maritime air mass was lifted over a shallow surface-based
polar continental air mass. The University of Wyoming
King Air research aircraft conducted research ﬂights on this
day as part of an FAA-sponsored project on improving
turbulence diagnosis and detection in the Juneau region
(JAWS) and aircraft icing.
[25] The King Air took off from Juneau and climbed
through the cloud layers to clear air (~2300 UTC). The cloud
base was very close to the surface, while the tops of the
highest clouds were at a height of 2150m and temperature
of 10C. At least three microphysically and thermodynam-
ically distinct layers, each containing supercooled liquid
water, were present over Juneau (Figure 13).
[26] The upper layer (Layer 1) had two sublayers separated
by a weak temperature inversion. The temperature at the
layer base was 4.5C and at the top was 10C. The
FSSP-derived cloud drop effective radius (re) was 12 mm
through most of the layer (Figure 14). The cloud drop
concentrations ranged from 3 cm3 at the layer base to
40 cm3 at the cloud top. The higher cloud drop concentra-
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Figure 12. Same as Figure 5, but for east-west cross sections of cap layer clouds above the Yosemite
National Park, along 37.5 North, on 18 February 2011. The characters along the abscissa denote the
locations of the 2DS images shown in Figure 11.
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Figure 13. Thetae (left) and temperature and dew point temperature (right) from the takeoff vertical
proﬁle conducted by the King Air research aircraft. The layers are identiﬁed and shown on right side of
ﬁgure. Proﬁle was conducted at 2300 UTC on 19 January 2000.
Figure 14. (left) The proﬁle of FSSP cloud drop concentration for drops smaller than 40 mm (black) and
between 40 and 46.5 mm (red), (middle) the FSSP cloud drop effective radius, and (right) 2DC particle
concentration for particles larger than 100 mm.
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air from the dry layer above. This is supported by the low
Richardson number, which decreased to 0.3 at cloud top,
suggesting mixing, and the University of Wyoming thermal
gradient diffusion chamber measurements that showed
CCN concentrations above 150 cm3 just above cloud top
(Figure 15). The low cloud drop concentrations in the lower
layer were likely due to coalescence and new drop
production in the clean-precipitation scavenged maritime
air mass. The cloud drop liquid water content (LWC) was
highest at cloud top and decreased lower in the layer, while
the LWC from drops larger than 46.5 mm, the FSSP maxi-
mum detectable size, reached a maximum near the top of
the lower sublayer (Figures 15 and 16). No ice was
observed in the 2DC imagery anywhere within this layer
(Figure 16a and 16b). Drops with diameter>100 mm at a
concentration of 3 l1 were observed at the top of the
lower sublayer.
[27] The midlayer (Layer 2) had an FSSP-derived cloud
drop re of 12.5 – 13.0 mm through much of the layer
(Figure 14). The cloud drop concentrations ranged from
10 cm3 at the layer base to 5 cm3 at the layer top. The
cloud drop LWC was 0.06 gm3 at the layer base and very
low above that (Figure 16). The larger drop LWC was 0.08 g
m3 through much of the layer. The drop concentrations
were low since this air mass was also of maritime in origin,
detached from the boundary layer by an inversion, and some
of the available IN and CCN had likely been scavenged by
precipitation upstream. The surface station at Sitka, AK,
150 km southwest and upstream of the Juneau proﬁle,
measured 0.53 cm (0.21 in) of precipitation in the 24 h prior
to the ﬂight. The large particle concentration (>100 mm)
was 40 l1. These particles appeared to be supercooled
drizzle or large cloud drops as conﬁrmed by the 2DC
imagery (Figure 17) and the Rosemount LWC
Figure 15. Thermal gradient diffusion chamber CCN and
FSSP drop concentrations for the Juneau research aircraft
sounding. Black numbers indicate the diffusion chamber
supersaturations in percent. The blue spikes are the activated
CNN at the speciﬁed supersaturation numbers.
Figure 16. The liquid water content from the (left) FSSP, (middle) 200X, and (right) Rosmount (red
arrows identify the Rosemount heating cycle.)
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measurements. No ice was observed (panel c in Figure 17),
and the temperatures ranged from 4 to 3C.
[28] The surface-based layer FSSP-derived cloud drop re
increased from 8mm at the layer base to 10.5 mm at the
450m layer top (Figure 14). The FSSP and Rosemount mea-
sured supercooled LWC reached a maximum of 0.1 gm3
(Figure 16). The cloud drop concentration was 150 cm3 at
the base of the boundary layer cloud but decreased sharply
to 50 cm3 in the middle of the layer above a weak inversion.
The drop concentration further reduced to 40 cm3 at the top
of the layer. The particle concentrations for particles larger
than 100 mm were about 4 l1. The large particles were drops
or frozen drops in the upper part of the layer (panel d in
Figure 17). Lower in the layer, where the higher cloud drop
concentration was present, rimed needles and freezing drizzle
were observed (panels e and f in Figure 17). The tempera-
tures at this level were 2.5C, on the warm side for
ice multiplication.
3. Discussion
[29] Aircraft-observed highly supercooled (i.e., at T<10C)
drizzle and rain was found to exist in various cloud types:
[30] 1. Marine convective clouds
[31] 2. Orographically produced convective clouds
[32] 3. Orographically produced layer clouds
[33] 4. Winter upslope and layer clouds
[34] In all four cases, the common factor was that the
clouds formed in a pristine air mass with low CCN and low
IN. Low CCN allowed for an active collision-coalescence
process, while the low IN concentration kept the ice crystal
concentration at sufﬁciently low levels to prevent the
depletion of the supercooled cloud and drizzle/rain by ice
crystals growth processes and collision with ice crystals
[Rasmussen et al., 2002; Geresdi et al., 2005].
[35] Previous observations of supercooled drizzle/rain in
frontal/upslope clouds usually show that once the cloud top
is colder than 15C most of the supercooled water is
depleted by scavenging. This was observed in the Sierra
Nevada in California [Rauber, 1992; Reynolds and Dennis,
1986] and the Rocky Mountains of Colorado [Rasmussen
et al., 1995]. Supercooled cloud water was documented to
occur quite regularly in orographic clouds over topographic
barriers when the cloud tops were not as cold, especially in
postfrontal orographically triggered convective clouds at
temperatures>15C that sometimes reach 20C [Lamb
et al., 1976, Heggli et al., 1983, Reynolds and Dennis,
1986]. These convective clouds were documented to contain
supercooled water content of 1–2 g l1 at temperatures down
to 15C with very little ice in the growing towers.
[36] In some cases, the supercooled drizzle/rain was not
associated with the embedded convection but with the
general lift of air over the barrier [Ikeda et al., 2007]. In that
case, the authors hypothesize that the convective elements
had access to high IN concentrations from the boundary layer
leading to the observed high concentrations of dendrites in the
convective elements, while the general airﬂow over the barrier
was mostly pristine air from the ocean containing low
concentrations of CCN and IN. Rasmussen et al. [1995,
2002] also found that supercooled drizzle/rain occur in regions
of shallow upslope clouds with low cloud droplet and ice
crystal concentrations, consistent with the present results.
[37] In this study, extensive long-lived supercooled rain in
convective clouds over the ocean was observed at12C for
a straight ﬂight path of more than 40 km (see the ﬁrst panel in
Figure 5, that includes points a–c). The supercooled rain was
not limited to the cloud top. Repeating the ﬂight track at
lower level documented it continuing at least to the 8C
isotherm (around point d in Figure 5), and probably in places
all the way to the melting level (see points j and k in
Figure 5). Ice multiplication that occurred in maturing areas
of the clouds near the 4C isotherm (see points f – h in
Figures 4 and 5) was ineffective in glaciating the convective
elements that grew above it. This presents a challenge when
compared with the reports of Rangno and Hobbs [1988,
1991, 2005] and Rangno and Hobbs [1988], who reported
extensive glaciation of the tops of mature marine convective
clouds in the tropics, midlatitude, and the arctic. The contra-
diction here is in the lack of any observed glaciated clouds
despite ﬂying long legs in the tops of the clouds.
Furthermore, there are no visibly glaciated tops shown in
Figure 2. The intense cloud bow proves that this is a water
cloud with large supercooled drops at 12C.
[38] The existence of supercooled drizzle in layer clouds at
21C has a precedent. Cober et al. [2001] and Cober and
Isaac [2012] documented existence of supercooled drizzle
and rain mainly in frontal clouds in Canada. The tempera-
tures were mostly>15C, with one case at 21C from
Figure 17. Particle images and the associated temperatures from the various cloud layers.(a and b) Layer
1, (c) layer 2, and (d-f) layer 3.
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an extensive stratiform cloud deck. Ikeda et al. [2007] ob-
served freezing drizzle down to 19C in the Oregon
Cascades in a region of strong vertical uplift. In that case
the strong vertical motions produced a condensate supply
rate that was able to overcome any depletion of supercooled
liquid water by ice crystal growth processes.
[39] The supercooled rain or drizzle at 21C that was
observed in this study was found to be long living and persis-
tent. It extended continuously along 53 km of ﬂight track in
the orographic layer cloud on 18 February (see Figure 12
points a–d). Existence of supercooled rain in 200–300m
thick cloud over the Sierra Nevada was previously explained
to occur due to fallout of the ice crystals from the upper parts
of the clouds [Rauber, 1992]. This cannot explain the
observations here because the supercooled rain extended
deep into the cloud. On 18 February 2011, the supercooled
rain extended from at least between 5100m and 4600m, with
little sign of freezing of the supercooled rain at the bottom of
the layer. Similarly, a persistent layer of supercooled drizzle
occurred in the marine convective clouds between their tops
at 12C and 3000m to at least 600m below the tops, with
only few isolated ice crystals. These results may be explained
by the upstream depletion of IN and CCN by clouds as
suggested by Ikeda et al. [2007] and from the Juneau,
Alaska results presented in this study. Such depletion might
be a common situation in cloudy marine air masses. This is
supported by satellite measurements over the Southern
Oceans and northern North Paciﬁc, which indicate that
extensive supercooled clouds there are quite common, down
to20C [Morrison et al., 2011]. The observations of highly
supercooled water (<10C) in the CALWATER campaign
were quite common, as it was encountered in most of the
ﬂights in clouds at these temperatures. Only the best
documented four cases are described in detail. This common
occurrence of highly supercooled water renders the ice
precipitation forming processes in these clouds highly sensi-
tive to small concentrations of long-range transport of IN that
come with the desert dust across the Paciﬁc Ocean, as
recently shown by Creamean et al. [2013]. Similarly,
precipitation in such clouds has the potential to be affected
by glaciogenic cloud seeding.
[40] The current and previous observations suggest that the
presence of low concentrations of CCN and IN in marine air
masses can explain the presence of highly supercooled rain.
Once the air mass is contaminated by aerosols from land or
long-range transport aloft, however, both CCN and IN
concentrations are increased often leading to the suppression
of supercooled drizzle/rain [Rasmussen et al., 2002; Geresdi
et al., 2005]. The presence of supercooled drizzle/rain at tem-
peratures down to 21C had long been noted in Pilot
Reports of icing in the Paciﬁc Northwest and Alaska
[Bernstein et al., 2007, Figure 9]. The current study helps
to explain some of the unique microphysical factors that
can lead to these hazardous conditions and provides a
valuable data set to help improve the simulation of these
conditions by microphysical parameterizations. These results
also point out that the correct phase and type of precipitation
cannot be accurately simulated by cloud models without
taking into account the ambient aerosol concentrations
including the role of cloud scavenging of aerosols and local
ground sources. This requires running a spectral bin micro-
physics model coupled with aerosol chemistry model, with
realistic source functions of the aerosols and their
precursors, which can be transported from very long ranges.
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associated PNNL pilots and researchers augmented with staff from
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